Mixed mating, where a single tree progeny results from a mixture of selfing and outcrossing, is widespread in conifers and could be an evolutionary advantage at ecological margins when mating partners become scarce. This study analyzes how the mating system responds to bioclimate and density variations. We surveyed published data on the mating system of Abies, Picea and Pinus species when information on bioclimate and stand density was available. Our survey revealed that Mediterranean species demonstrate a lower selfing rate than other species and that the proportion of selfed versus outcrossed progeny is not fixed within species. The highest variability in mating types within populations was found when stand density was the most variable. To show how density affects the proportion of selfed versus outcrossed progeny, we used isozymes to genotype single tree seeds from a marginal Abies alba forest in Mediterranean France (Mont Ventoux) where low-to high-density stands are found. We then tested the adaptive potential of the different high and low density progenies by sowing them under controlled nursery conditions and measuring germination rate and seedling survival after 4 years under 3 different water regimes. Although the mean value of outcrossing rate was typical for mixed mating conifers (t m = 0.85), individual outcrossing rates varied from 0.05 to 0.99 and were strongly correlated with stand type and density (t m from 0.87 in high-density to 0.43 in low-density marginal stands). Significantly fewer seeds from the low density marginal stand germinated (32% vs 53% in the high density mature stand), although seedlings from the marginal stand had a better 4-year survival (81%) than seedlings from the high-density mature stand (63%) when the three water regimes (from least to most stressful) were averaged. Trees from low density stands may be at a selective disadvantage because they produce more selfed progeny than trees from high-density stands. However, selfed seeds may be purged early on (at the embryo stage) and the remaining seeds tend to produce seedlings with better fitness. Variability of the selfing rate might thus be an adaptive strategy for species in highly contrasted environments where selection of both reproductive assurance and avoidance of inbreeding depression may be density dependent.
The study of reproduction in plants encompasses a wide range of different processes, from flower and seed fecundity to mating barriers, from the scale and shape of pollen and seed flow to the frequency of long-distance dispersal (Griffin and Sedgley 1989) . These processes are traditionally analyzed either from a population genetics or an ecological perspective (Cheptou and Schoen 2007) . From the population genetics perspective, the mating system is a complex trait that affects the expression of selective forces. By increasing heterozygosity, outcrossing increases the effective rate of recombination by mixing non-related genomes (promoting the spread of beneficial alleles and consequently the purge of deleterious ones) while selfing increases the expression of genetic load (and subsequently the purge of deleterious recessive mutations). Mixed mating, in which a single tree progeny results from a mixture of selfing and outcrossing, is widespread in plants, although its maintenance remains an evolutionary puzzle (Goodwillie et al. 2005) .
On the one hand, if selfing is advantageous (because two copies of the same genes are transmitted to the progeny instead of just one, Fisher 1941) , alleles responsible for selfing should spread and become fixed in the population. On the other hand, if selfing is disadvantageous (because of inbreeding depression following the appearance of deleterious alleles at a homozygous state), selfing alleles should disappear from the population. However, because the genetic load is purged by selfing, either complete outcrossing or complete selfing should be evolutionary stable strategies depending on the relative fitness of selfed versus outcrossed progeny (Lande and Schemske 1985) .
Several theories have been proposed to explain the widespread co-existence of both selfing and outcrossing within individuals, populations and species: spatial and temporal variability of inbreeding depression, pollen quantitydependant outcrossing rate ('mass action' and 'pollen discounting') and reproductive assurance (Holsinger 1991, Porcher and Lande 2005 ; reviewed by Goodwillie et al. 2005, Cheptou and Schoen 2007) .
The reproductive assurance hypothesis explains why mixed mating may be conserved states where there is a need to balance the cost of producing selfed seeds (suffering from inbreeding depression) with the cost of producing no seeds at all when partners (or pollinators) become scarce, while still maintaining the potential to produce outcrossed seeds (with limited inbreeding depression) when partners (or pollinators) are plentiful (reviewed by Cheptou and Schoen 2007) . Empirical evidence demonstrating larger seed-sets for mixed mating versus strictly outcrossing individuals in low density populations is still very limited Dieckmann 2002, Kalisz et al. 2004) .
Mixed mating is widespread in trees, particularly in conifers (Mitton 1992) . Although conifers have various life history traits, most are wind-pollinated and monoecious, which can lead to automatic selfing due to geitonogamy. Furthermore, they colonize a wide range of (often severe) environments (from boreal to tropical) to which they have adapted since their emergence in the Carboniferous (DiMichele et al. 2001) and where their population densities have varied considerably. Therefore, they are a good model to test whether or not demography (and thus mate availability) can affect reproductive output and whether selfing contributes to reproductive assurance at low densities. For example, Robledo-Arnuncio et al. (2004) showed that low-stand density significantly increased both the proportion of selfed progeny and the rate of empty seeds due to inbreeding depression in the mixed mating conifer Pinus sylvestris.
Here, we test and discuss the hypothesis that reproductive assurance can be an evolutionary advantage at a species' ecological margin when and where potential mates become scarce (low census and/or low density). First, we analyze how bioclimatic and density variations can affect variability in the mating system using a set of published data compiled for conifers. We focused our attention on the Mediterranean area, where we expected to find strong local variations in population spatial structure due to the high geographical, climatic and environmental heterogeneity of this biome (Blondel and Aronson 1999) . Second, we used original data to show how stand density affects the selfing rate, inbreeding depression and survival potential of Abies alba, a mixed mating European conifer that has numerous marginal populations under the Mediterranean climate (Quézel and Médail 2003) .
Material and methods
We first conducted a survey of published data on the mating system of conifers, restricting our research to the three genera Abies, Picea and Pinus (where all species are mixed mating), where information on bioclimate (using 3 classes defined as Mediterranean, M, non-Mediterranean, nM, and non-Mediterranean but at the rear-edge of the natural distribution area, nM-r) and stand density were available. We collected 6, 30 and 10 studies dealing with M, nM and nM-r species, respectively. From these data, we computed the mean, minimum and maximum values of the average outcrossing rate (t m ) within each study (Table 1) . We considered that t m values greater than 1 were due to aberrations (MLTR or MLTF, Ritland 2002) , and thus made them equal to 1 for all computations of outcrossing ranges and means. We attributed a density level to each population and classified studies according to species (Table 1) . We separated density into 3 levels: high (3), medium (2) and low (1). We relied on authors' estimates of what they considered low, medium or high density for the species studied. For Abies alba, we considered that stand density was (i) low when adult trees were fewer than 25 per hectare, (ii) medium when adult trees were between 25 and 100 per hectare and (iii) high when density was over 100. The definition of these density classes is based on our own observations of natural stands in our study site (Mont Ventoux), where a significant spatial genetic structure was observed on a progeny when density was below 25 trees per ha (Sagnard 2001) . From this data set, we estimated the variability of outcrossing rates between stands for each study by subtracting the minimum t m value observed in the study from the maximum one. We also estimated the variability of stand density for each study: from one, when there was only one density class, to three, when density ranged from low to high. We tested the effect of bioclimate (M vs nM and nM-r either individually or grouped in a single non-Mediterranean class) on average outcrossing rate for each study, using a non-parametric ANOVA (Kruskal-Wallis rank sum test), because we could not test for variance equality. We also tested the relationship between stand density and the average outcrossing rates of stands using the same Kruskall-Wallis rank sum test. Secondly, we used isozymes to investigate the genetic composition of individual progeny from a marginal Abies alba population growing under Mediterranean climate in a southeastern French mountain (Mont Ventoux, 44°10´N, 5°15´E). Mont Ventoux is characterized by stands of different ages, from old-growth relictual stands to young stands where Abies alba has recolonized grazing areas abandoned in the late 19th century. Stands are also characterized by contrasting mature tree densities, from low (fewer than 25 trees per hectare in recolonized areas) to high (more than 100 trees per hectare in old, mature stands). We collected seeds from 52 trees from 4 different stands ( Fig. 1) : two high-density old-growth stands (HD1 and HD2), one medium-density old-growth stand at the periphery of an old-growth high-density stand, MD, and one low-density recolonizing stand (LD). A set of 7 polymorphic Mendelian isozymes developed for Abies alba was used on embryos, following the standard extraction, electrophoresis and scoring protocols of Fady et al. (1999) . A total of 842 seeds were used to assess selfing rate and pollen pool composition using the MLTR software (Ritland 2002) . We computed selfing rates for each sampled individual in LD and MD stands but only for stand level in HD1 and HD2 stands.
Finally, we tested early inbreeding depression and survival potential of the different progenies by sowing them under controlled nursery conditions and measuring germination rate and seedling survival after a 4-year period. A subset of 32 seed trees originating either from the HD1 or LD stands was used for this experiment. Germination rate, i.e. the proportion of seeds in each progeny which produced a 5 mm long emerging radicle after stratification (6 weeks at +4°C in moist peat), was measured for all collected seeds (from 215 to 1790 seeds per tree). From these seed lots, 2400 germinated seeds (i.e. 75 seeds per seed tree) were planted in the nursery, using 9 complete blocks and a randomized progeny design within blocks. Three groups of 3 blocks each received different water regimes: drought (Wilting point, Wp = 3-3.5), light water stress (Wp = 2.7) and normal watering (Wp = 1.5). Progeny survival was measured each year for 4 years. Significance of germination rate and of survival was tested using a logistic regression within an analysis of deviance ('glm' function in R).
All statistical analyses were carried out using the R software, R Development Core Team.
Results
Our literature survey of conifer trees showed that the variability in the mating system of genera Abies, Picea and Pinus were highly variable among populations and species. The average t m for each bioclimatic class was 0.92, 0.84 and 0.70 for Mediterranean (M), non-Mediterranean (nM) and non-Mediterranean rear-edge (nM-r) species or populations, respectively. There was a significant difference of t m between the three bioclimatic classes (Chi² = 9.13, DF = 2, p = 0.01, Fig. 2 ). Furthermore, there was a significant difference between the average t m over Mediterranean type species (t m = 0.92) and over non-Mediterranean species, including both nM and nM-r species, (t m = 0.81) (Chi² = 5.68, DF = 1, p = 0.017). A significantly higher outcrossing rate was found when stand density was higher (Chi² = 23.81, DF = 4, p <0.0001, Fig. 3 ). Further, we found a general trend toward a higher t m range in marginal populations (Fig. 4) , although this could not be tested as this range was mainly dependent on the number of stands sampled in each study. Finally, a higher t m range was observed when the density range was higher (Chi² = 13.88, DF = 2, p = 0.001, Fig. 5 ).
Our isozyme data showed that the mean multi-locus outcrossing rate (t m ) of the Mont Ventoux Abies alba population over the 4 stands was 0.72 (Table 1) . However, although trees were in the same meso-environment, there were considerable differences in mean stand and individual outcrossing rates. Within the old growth stands HD1 and HD2 (tree density > 100 ha Significantly fewer seeds from the low density marginal stand LD were able to germinate: 33.8% vs 52.3% in the old-growth high-density stand HD1 (F = 18.09, DF = 30, p = 0.0002, Table 2 ). However, seedlings from LD had an overall better survival (81%) than seedlings from HD1 (63%) after 4 years (p <0.0001). The analysis of deviance showed that water regime, stand density type and their interaction with progeny could explain differences in survival (p <0.0001). Survival decreased with water stress for seeds originating from both LD and HD1 (survival rates: 82% and 73% for LD and HD1, respectively). Averaging all three water treatments, LD seedlings had a better survival than HD1 ones. However, this difference is mainly due to the driest water regime (Table 2 ) and no significant difference between LD and HD1 seedlings was observed under the normal water regime.
Discussion
For reasons ranging from highly heterogeneous topography to the heterogeneity of land uses due to urbanization and agriculture in highly anthropogenic environments, species distribution areas are typically fragmented in the Mediterranean, thus leading to stands of highly contrasted densities, census and effective sizes (Blondel and Aronson 1999, Fady and Médail 2004) . Out of the 9 Abies and 9 Pinus species found in Europe, 13 are Mediterranean endemics and an additional 3 have the 'rear-edge' of their distribution within the Mediterranean bioclimatic zone (Quézel and Médail 2003) . Thirteen of these 16 species have patchy distribution areas under Mediterranean conditions. In such heterogeneous environments in terms of density and population size, pollen limitation may be a critical factor for reproduction at fine spatial scale (Restoux et al. unpubl.) . Thus, a mixed mating system may be at an evolutionary advantage in such environments, since selfing ensures reproductive assurance when pollen is limited (Knight et al. 2005) . On the other hand, pollen discounting, i.e. the cost of selfing due to pollen loss which is not dedicated to outcrossing, favors outcrossing when pollen is not limited (Holsinger 1991) . However, it is not because species live under Mediterranean conditions, characterized by heterogeneity in terms of density, that higher selfing or more variable mating types among and within populations are observed. Mediterranean-type conifers are typically major outcrossers, just like other conifers elsewhere (Table 1 ). The mean multi-locus outcrossing rate (t m ) found for Pinus attenuata in California by Burczyk et al. (1996) , for example, is typical for that of mixed-mating conifers, with a low overall level of selfing. What leads to high selfing rates and a high variability in selfing rate is that populations and individuals within populations may experience low and highly variable levels of density, often because they are at the margin of the species distribution area. In Abies alba on the Mont Ventoux, not only does average selfing rate within a stand increase when stand density decreases, but also individual selfing rate variability increases when local density decreases (i.e. when spatial structure becomes more heterogeneous) as shown by Robledo-Arnuncio et al. (2004) for Pinus sylvestris.
Trees from low-density stands may face an uncertain demographic future because they produce both more selfed progeny, subject to inbreeding depression, and more empty seeds, due to pollen limitation and early expression of inbreeding depression, than trees from higher-density stands. However, selfed seeds may be purged early on (at the embryo stage, reviewed by Williams and Savolainen 1996) and the remaining seeds may produce seedlings with better fitness, possibly because of counter-selection of individuals with a higher genetic load (Pichot et al. 2006) . This is just what we observed for Abies alba in the Mont Ventoux. Low-density stands (the younger stands) produced fewer viable seeds than high-density (mature) stands, but their fitness, as measured by seedling survival after 4 years in the nursery, was higher, especially under stressful conditions. Also, the fitness reduction at low density caused by inbreeding depression and pollen limitation could be compensated by the demographic advantage of being in an open area where density dependence is weaker (e.g. fate of a gene from the colonization front, Edmonds et al. 2004) .
Overall, the pattern observed here is typical of competing self-fertilization (Lloyd 1979) , where self-pollen competes with outcross-pollen for pollination, leading to selfing rates governed by a 'mass-action law' (Holsinger 1991) : selfing rate is proportional to the ratio of the amount of self-pollen over the total amount of pollen received by stigmas. As a consequence, individuals in low density stands might have a low outcrossing rate because their self-pollen is less diluted within the overall outcrossed pollen. The variability in the mating system in our study is due to obligate selfing in geitonogamous organisms, but we can wonder why such a mating system is conserved if pollen limitation does not occur, since it is costly in terms of fitness (Porcher and Lande 2005) . One explanation could be the position of flowers on each tree which may decrease selfing rate because female flowers are located at the top of the crown and exposed to wind-dispersed pollen, whereas male flowers are much below, at the bottom of the crown. On steep slopes, such as those where mountain conifers grow, they are thus much closer to the female flowers of a neighboring seed tree than to their own female flowers. When density decreases, the benefit of selfing as a form of reproductive assurance is thus still possible.
We suggest that the mixed mating system has been conserved as a consequence of the contrasted environments where plants grow, particularly in Mediterranean environments. In such heterogeneous environments, a tradeoff between reproductive assurance, avoidance of inbreeding depression and possible pollen discounting may be selected at different times and places, leading to the maintenance of mixed mating as a viable reproductive strategy.
